This paper describes insect type micro robots controlled by a CMOS IC of hardware neural networks. The micro robot is fabricated by the micro electro mechanical systems (MEMS) technology using a silicon wafer, and the actuator is composed of artificial muscle wires on the basis of shape memory alloy. Insect-like walking is achieved by link mechanisms that transform the actuator's rotational motion to locomotive motion. The CMOS IC generates the driving waveform of the micro robot and realizes insect-like walking. The hardware neural networks are built as cell body models and inhibitory synaptic models. The output signal ports of the hardware neural networks are connected to the artificial-muscle-wire-driving circuit. This robot system does not require specialized software programs and A/D converters. The developed neural networks are composed of self-functioning, interconnected plural unit neurons. For proper driving, each neuron in the developed neural network control must be synchronized, as occurs in the neural networks of living organisms. In this study, the motion of the MEMS micro robot is controlled by non-synchronization and anti-phase synchronization driving waveforms. When the nonsynchronization driving waveform is input, the micro robot ceases walking motion, but resumes walking upon receipt of the anti-phase synchronization driving waveform. The sideways, endways, and height dimensions of the fabricated micro robot are 4.0 mm, 2.7 mm and 2.5 mm, respectively. The obtained locomotion speed is 26.4 mm/min and the step width is 0.88 mm.
Introduction
Insect-like micro robots have been increasingly applied in medicine and other fields that require precise manipulation (Shibata et al., 1997; Takeda, 2001; Habib et al., 2007 Habib et al., , 2011 Baisch et al., 2010; Yan et al., 2007) . However, to date, very few insect robots are operational at the level of living organisms.
Developmental obstacles include the miniaturization of the mechanism, small energy requirements for ensuring long lifetime, and realizing the flexibility of living organisms.
In conventional robot mechanisms, the dominant actuator is an electromagnetic motor, and robotic components are manufactured by mechanical machining. However, very small robots cannot be fabricated by conventional technologies. To overcome this limitation, researchers have developed the micro electro mechanical systems (MEMS) technology on the basis of the IC production process (Donald et al., 2006; Edqvist et al., 2009 ). The miniature actuators reported to date include electrostatic actuators (Tang et al., 1989; Sniegowski et al., 1996) , electromagnetic actuators (Asada et al., 1994) , piezoelectric actuators (Suzuki et al., 1999) , and shape memory alloy (SMA) actuators (Surbled et al., 2001 ). However, the movement of micro robots built with these actuators is impeded on uneven surfaces by small gaps or dust particles. Therefore, micro robots that can walk on an uneven surface are highly sought.
Conventional robot control is implemented by digital systems based on microprocessors and software programs. While the pre-programmed digital system exerts adequate control in the specified environment, it may not respond appropriately to unpredictable events. As a means of realizing flexible control, artificial neural networks have attracted considerable attention (Nakada et al., 2003; Delcpyn, 1980) . For example, an organism such as an insect realizes walking motion by combining simple neural networks. Moreover, living organisms are flexible and respond sensitively to accidental events. For these reasons, artificial neural network control is a preferable choice in micro robot design.
Neural networks have mostly been investigated by software approaches based on mathematical calculations (Tsumoto et al., 2003 (Tsumoto et al., , 2006 Tsuji et al., 2007; Hodgkin et al., 1952; FitzHugh, 1961) . However, using this approach, even simple neural networks consume vast physical and temporal computer resources. Therefore, several researchers have implemented neural networks in hardware (Endo et al., 1978; Kitajima et al., 2001; Yamauchi et al., 1999 Yamauchi et al., , 2003 Nagumo et al., 1962; Maeda, 2008) . Hardware networks can process nonlinear operations continuously at high speed. Moreover, because the circuit can be embodied in an integrated circuit (IC) (Lewis et al., 2000) , extreme size reduction is expected even for large circuits.
The previous micro robot system reported by the authors (Suematsu et al., 2009; Saito et al., 2010; Okazaki et al., 2011) possessed two legs controlled by the MEMS technology and a plastic body. The actuator was fabricated by SMA. The micro robot was controlled by pulse-type hardware networks (P-HNNs), functioning similarly to the central pattern generator of living organisms. The P-HNN was composed of discrete components. In the next step of the project, the sixlegged structure and walking motion of the insect were developed. The rotational actuator used SMA-based artificial muscle wires, and walking motion was realized by link mechanisms. Motion was controlled by a hardware neural network circuit connected to the actuator. Moreover, the micro robot dimensions were reduced to 4.0 mm, 2.7 mm, 2.5mm in the sideways, endways and height directions, respectively (Uchikoba et al., 2012) . In this study, the robot was again controlled by discrete P-HNN circuits.
Recently, we built hardware neural networks into CMOS IC. The IC was connected to the insect-type MEMS micro robot, and its performance was evaluated. In this paper, we explain the mechanism and system of the micro robot and P-HNN IC, and discuss the control characteristics of the P-HNN IC. The driving waveform is provided by synchronization of several hardware neural networks.
System of Micro Robot CMOS IC Controlled MEMS Micro Robot
In future applications, the developed micro robot will observe and possibly lead swarms of similar micro robots. Therefore, the robot should resemble a live insect as much as possible. For this purpose, we consider hexapod walking motion as a primary objective. Figure 1 shows the mechanism of the designed micro robot. The robot is fitted with six legs on either side. Three of the legs are connected by the link mechanism, while the central leg is held on the rotational actuator built into the body parts. The rotor of the actuator is suspended by artificial muscle wires extending in four directions. The artificial muscle wires, composed of SMA, shrink when heated above the transition temperature of the alloy, and revert to their original length by cooling below the transition temperature. The temperature is raised by flowing an electrical current directly into the wire. The wire is coiled inside the actuator to enable a larger displacement than is possible with a linear wire. The specifications of the artificial muscle wire are shown in Table  1 Rotational motion is realized by shrinking the artificial muscle wires in rotational order. A schematic of the actuator's rotational motion is shown in Figure 2 . As wire A shrinks under heating, the rotor is pulled toward the A side. In the next step, wire A is extended by cooling, and wire B is shrunk, dragging the rotor toward the B side. The heating and cooling processes are repeated for wires C and D. These activities induce a clockwise rotation of the rotor. The driving waveform of the neural networks for generating hexapod walking motion is shown in Figure 3 . The walking motion is generated by four pulses. The input voltage and pulse width are 3 V and 0.5 s, respectively.
The central leg is connected to the rotor shaft. The front and rear legs float, while the central leg touches the ground surface. Governed by the rotational motion of the actuator, the middle leg kicks the ground, propelling the micro robot body forward. As the middle leg rises, the front and rear legs touch the ground surface. The outer and central legs are out of phase by 180°. During these motions, the touched points always form a triangle, and stable walking motion, mimicking that of an insect, is realized. Moreover, backward locomotion is generated by reversing the actuator motion. The forward and backward motions are controlled by the electrical current pulses shown in Figure 3 
Structure of Micro Robot
The fabricated micro robot comprises the body parts, the rotational actuator, and the legs. The body, legs, and actuator rotor are made from single crystal silicon wafers fabricated by the MEMS technology. The four frames of the body structure are assembled by jutting the parts into the grooves. For this purpose, four pieces of artificial muscle wires are connected to the rotor section of the rotational actuator, which is modified by zigzag slits. An electrical ground line is led from the rotor. The other end of the artificial muscle wire is connected to the frame. Figure 4 shows a schematic of the micro robot body and the actuator part, while the shape and dimensions of the rotor part are shown in Figure 5 . The three leg parts are connected by the link mechanism. The front and rear legs move in the counter-direction relative to the center leg. To ensure that the robot moves parallel to the ground, the central leg is made shorter than the other legs. Figure 6 shows the link mechanism of the legs. The central legs are connected to the center of the rotor by a tungsten carbide shaft, while the outer legs are held by shafts attached to the body frame. The silicon part was fabricated by MEMS photolithography. After washing the silicon wafer, aluminum was deposited by physical vapor deposition, followed by coating with a photoresist. The aluminum film was approximately 0.1 m thick. The designed pattern was exposed to the resist film, and developed by soaking in the developer. The aluminum film on the specimen was then etched chemically, leaving an imprint of the designed pattern. The washed and dried specimen was dry-etched by highaspect-ratio induced coupled plasma etching combined with a Bosch process (Bhardwaji et al., 1995) . The rotor part was obtained after removing the aluminum film and washing. The other robot parts were obtained by repeating this process on both surfaces of the wafer. Hand assembly of the fabricated parts yielded the micro robot.
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Pulse-Type Hardware Neural Networks
The P-HNN was built from the cell body and synaptic model circuits. These circuits reproduce the functions of biological neurons.
The cell body model circuit is configured as a voltage control negative resistance circuit, an equivalent inductance circuit, membrane capacitor C M , and leak resistor M C4 . The cell body model circuit is characterized by a firing threshold, refractory period, and a continuous pulse waveform, similar to the characteristics of biological neurons. Figure 7 is a diagram of the cell body model circuit, powered by source V A . The P-HNNs are synchronized by the excitatory and inhibitory synaptic model circuits. Excitatory and inhibitory mutual coupling generates in-phase and anti-phase synchronization, respectively. During walking, we consider that the neural networks of the micro robot might consist solely of inhibitory synaptic models and anti-phase synchronization. If the excitatory synaptic model can be removed without loss of functionality, the number of elements in the model can be reduced. The P-HNN connections are schematized in Figure 9 .
Figure 9: Connection Diagram of P-HNN
The four cell body models are mutually coupled by 12 inhibitory synaptic models. Four output ports, extracted from the P-HNN, are connected to the actuator of the MEMS micro robot. In addition, the trigger pulse input ports are extracted to P-HNNs. By accepting different input timing of the external trigger pulse, the P-HNN can alter the sequence of the output waveform. Figure 10 displays the layout pattern of the P-HNN. The process line is a double-metal single-poly CMOS 0.35 m rule. The area of the IC chip is 1.93 mm square. Because capacitors C G and C M are too large to position on the CMOS IC chip, they are externally connected to the chip; this arrangement also enables straightforward dynamic frequency adjustment. Figure 11 shows a diagram of the artificial muscle wire driving circuit that generates the walking motion of the MEMS micro robot. 
CMOS IC
Results and Discussion
A photograph of the fabricated micro robot is shown in Figure  12 . The sideways, endways, and height dimensions of the micro robot are 4.0 mm, 2.7 mm, and 2.5 mm, respectively. The dimensional error of the actuator component was measured by an optical con-focal microscope, and was found to be always within ±3 m. Moreover, the leg and link parts were connected with adequate clearance fit (measured as 20-30 m). Figure 13 compares the discrete circuit board of the artificial neural networks with the packaged IC. This figure shows that the packaged IC was miniaturized to 3.5% of the discrete circuit area, while the bare die realized an area reduction to 0.05%. Thus, considerable size reduction may be achieved by the IC construction. Figure 14 shows the output waveform of the IC chip when V DD = 5 V. At this voltage level, the inhibitory synaptic circuit is turned on. In other words, the inhibitory synaptic model circuit is connected, generating an output waveform that inhibits the other cell body model circuits. In response, the cell
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body model circuit comprising I 1 , I 2 , I 3 , and I 4 outputs an antiphase synchronization pattern. Since P-HNNs can generate driving waveforms such as those shown in Figure 3 , we have demonstrated that the fabricated IC chip generates correct walking motion of the silicon micro robot. The motion of the MEMS micro robot was examined under non-synchronization and anti-phase synchronization P-HNN driving waveforms, displayed in Figs. 16 and 17, respectively. In Figure 16 , four waveforms are randomly generated, while in Figure 17 , they are alternately generated. In the former case, the actuator of the micro robot did not perform rotational motion, hence the robot did not achieve walking function. By contrast, when the anti-phase synchronization driving waveform was connected to the micro robot, walking motion was initiated (Figure 18 ). To easily visualize the leg movements, these motional comparisons were conducted on a larger micro robot than the fabricated one. The width, length, and height of this micro robot were 8.1 mm, 8.9 mm, and 9.0 mm, respectively. Each figure was observed at 0.5 s intervals. The locomotion speed of this micro robot was 96.0 mm/min with a step width of 4.0 mm. In this test, the MEMS micro robot was controlled by the CMOS IC of hardware neural networks, whose synchronization phenomena mimicked those of brain networks. 
Conclusion
This paper proposes an insect-type MEMS micro robot controlled by CMOS IC of hardware neural networks. The micro robot contains a rotational actuator using SMA-based artificial muscle wires and possesses the hexapod structure of an insect. The dimensions of the micro robot are 4.0 mm (sideways), 2.7 mm (endways), and 2.5 mm (height).
The micro robot walks when supplied with a synchronized output driving waveform generated by the IC chip of pulsetype hardware neural networks. Thus, as in living organisms, walking motion is realized by the synchronization of artificial neural networks. Moreover, the movement of the micro robot can be controlled by pulse-type hardware neural networks. The locomotion speed is 26.4 mm/min and the step width is 0.88 mm.
In the future, other motions exhibited by living organisms will be incorporated into the insect-type MEMS micro robot, by integrating functional elements such as sensors onto a single chip. When the sensor has been integrated, the walking motion systems will form a closed loop, enabling more lifelike behavior of the micro robot. Such micro robots are not only useful in medical fields but will also assist biologists in understanding the movements of living organisms. Moreover, since the all-in-one package installed in the micro robot requires a built-in battery, the micro robot may be used to investigate electromagnetic induction-type wireless power transfer or solar cells.
